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ABSTRACT
The problem was to design, construct and evaluate an
antenna range which could be used in future research and
instructional programs.

The basic theory of range design

and practical considerations were studied and a range was
then designed and built from equipment which was either
immediately applicable, applicable after modification or
constructed to fit the needs of the range.

Tests were

made to determine the performance characteristics of the
system with respect to the more important design parameters.
Suggestions were given for future improvement of operation
and expansion of the range capabilities.
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CHAPTER I
INTRODUCTION

A.

THE PROBLEI~
The major objective of the study was to design, con-

struct and evaluate a useful antenna range which could be
used in the band of frequencies between 100 megacycles per
second and 10,000 megacycles per second.

The range is to

be used in making far field measurements of relative electric field strength from test antennas.

Such measurements

are to be recorded automatically on polar coordinate paper;
providing a visual record of field strength versus coordinate location in space.

The sensitivity and linearity of

the receiving and plotting apparatus are of major importance
as is the response of the position indicating equipment.

B.

IMPORTANCE OF STUDY
An antenna range is a valuable aid in the design and

evaluation of antennas and antenna systems.

Important

information concerning gain, directivity and polarization

may be obtained from relative field strength plots.

The

automatic plotting capability of the receiving system eliminates the need for much data reduction which would otherwise
be necessary.

Also, the possession of an antenna range

would aid the Electrical Engineering Department in future
efforts to obtain sponsored research from other sources.
Since the range would be useful in all of the above respects
and since the design and construction presented an

2

interesting problem in system design the author decided to
build such a range and discuss the theory and application
for a thesis project.

C.

SCOPE OF THE INVESTIGATION
The project was entirely experimental leading to a

practical application.

Background theory was investigated

and range parameters were specified to satisfy accepted
standards of performance.

Previously unrelated equipment

was brought together in a system and control circuitry was
designed for best use of such equipment.

Some equipment was

placed in the system unchanged from the original design, a
portion of the equipment was modified to meet the particular
needs of the range and other pieces of apparatus were built
specifically for the antenna range.
After construction the range was evaluated with respect
to linearity, frequency response, dynamic range and accurate
determination of position.

Suggestions for performance im-

provement and expansion of range capability appear at tbe
end of the thesis.

CHAPTER II

REVIEW OF THE LITERATURE
The design and construction of a useful antenna range
involve consideration of several important factors.
and propagation theory are important.

Antenna

The transmitting and

receiving equipment must operate in a manner such that ac
ceptable signal levels are possible while some form of
recording system must provide a visual presentation of
collected data.

At the same time, control and monitoring

devices must be in the system in order to determine and
select directions.
The electromagnetic fields set up around current carry
ing conductors are of primary importance in antenna theory.
The means by which such fields vary as a function of
distance and angle in space have been investigated by
2
1,3
4
Kraus
, Harrington and Cutler, King and Kock , allowing
the author to satisfy distance and phase requirements on the
antenna range.
The receiving and plotting apparatus should have linear
response characteristics and sensitivity which allow
detection of signals much weaker than the maximum.

The

power levels necessary for adequate signal strength are
5
easily calculated on the basis of the work by Friss.
Basic
receiver characteristics and pattern plotting apparatus are
6
discussed by Ginzton and Hollis while Terman8 explains the
advantages of the superheterodyne system for linear response.

4
Position indication is accomplished with the use of
synchro generators and motors.

9
discussed by Gibson and Tuteur.

These useful devices are

The rules and regulations governing the construction
and operation of projects such as the antenna range are set
10
Adherence
down by the Federal Communications Commission.
to such rules insures operation in a manner which does not
interfere with the use of the radio spectrum by other
broadcasters.

CHAPTER III

PRESENTATION OF BACKGROUND MATERIAL
A.

FIELD PATTERNS
An antenna is used in the transition from a guided

electromagnetic wave on a transmission line to a radiated
electromagnetic wave in space.

The antenna may either

radiate energy into space, acting as a source, or it may
collect energy which arrives from some other sourc€ and thus
act as a receiver.

Used in either of the above situations

an antenna becomes an indispensable portion of a radio or
radar system.
Any antenna has a tendancy to radiate more energy in
one direction than in other directions. 1

..
Omnidirectional

antennas are not available in practice but are quite often
used as references in mathematical analysis.

Since any

practical antenna has some preferred directions of radiation
it becomes important to know what these directions are and
to also determine the directions in which minimum radiation
of energy will occur.

If the antenna and medium in which

the antenna operates are linear and bilaterial the operation
of the antenna as a receiver is the same as the operation if
the antenna is acting as a transmitter.2 Therefore, if one

..
determines the transmitting
pattern of an antenna the re
ceiving pattern is also known.

Since it is assumed that the antenna and transmitting

medium are linear it is not necessary to determine the field
pattern of the antenna for each specific power level that

6
may be encountered.

A plot of relative field strength

versus angle of illumination is sufficient an<l absolute
values may be calculated for specific power levels.

There

fore, in the remainder of the discussion it is assumed that
relative field strength patterns are desired.
Consider a transmitting antenna located at the origin
of a spherical coordinate system as shown in Figure 1.
Electric and magnetic fields are set up in space due to the
presence of a current on the antenna.

The magnitudes of the

far fields are inversely proportional to the distance from
the antenna, R, and vary as some function of Q, � and R, the
function depending on the type of antenna, orientation of
the antenna in the coordinate system and region in which the
fields are being measured.
The region close to the antenna is known as the near
field or Fresnel region.

In this region the electric and

magnetic fields radiate in the direction of a , the unit
R
vector directed toward increasing values of R. Also in the
Fresnel region the electric and magnetic fields have com
Q

I {11, e,t/>) 4it +

�3(R,� t/J)49 +: J, ("R,s,</,) li

R

expression for� is
-

J(

Ea �

3

and ad directions in genera1

ponents in the a , a

YI

t/,

and the

(3-1)

where� is the electric field intensity in rms volts per
meter, K, Mand Qare constants of the system and f, g and h
are functions of R, 9 and�-

The expression for

ff, the mag

netic field intensity in rms amperes per meter, has the same

7
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FIGURE 1.

SPHERICAL COORDINATE SYSTEM

y
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general form and the discussion of H will be considered to
be analogous to the discussion of E.

In the Fresnel region

a

the magnitude of E , the component of E in the
direcR
R
tion, is appreciable and variable with respect to R.
Consequently, a plot

/E/

versus¢ does not have the same

shape at two different values of R.
hold for plots of

The same conditions

/E/ versus 9 at different values of R in

the Fresnel region.
The Fresnel region ceases at a distance not far removed
from the antenna as the E component of E becomes negligible
R
and the radiated wave enters the far field or Fraunhofer
region.
the

aR

In this region, in general, the fields radiate in
direction and have components only in the

directions.

a¢

a

and

Q

The distance at which the transition from near

field conditions take place is commonly taken as R = 2c 2 /

)l

where R is the distance in meters from center of the antenna
to the transition boundary, C is the maximum dimension of the
antenna and J\is the wavelength of the signal being radiated. 4
In the far field region the expression for� reduces to
the following form:

(3-2)
where A and Bare constants of the system and u and v are
functions of¢ and Q.
Q

=

Q

A plot of

fr,/ versus¢ for R = R ,

0
has the same shape as a plot of /E/ versus¢ for

0
R=R , 8= Q in the far field region. The same conditions
0
1
exist for a plot of
versus 9 for R = R , ¢ = ¢ and
0
0

fr,/

9
R = R , ¢ = ¢. Therefore, the shape of the field pattern
1
0
is not a function of R in the far field region. The field
pattern in the far field region is of interest in the fol
lowing discussion.
If a plot of the field pattern can be obtained as a
function of¢ for many values of Q or vice versa then the
three dimensional field pattern of the antenna may be visu
alized.

This volume field pattern provides information

concerning the relative magnitudes of the electric fields at
all values of¢ and Q for a constant value of R.

Such pat

terns are obtained by measuring relative field strength as
a function of¢ while holding Q and R constant, then Q is
changed to a new value and held constant again while¢ is
varied.
The magnitudes of

E

and Hare related by the impedance

of the medium in which propogation takes place.
value of the impedance,
and

For air the

i� , equals 377 ohms where

A(

€ are the permeability and permittivity of free space.

From Maxwells equations we find that the power density in a
region where electromagnetic radiation is present is given
by

ExH

(3-3)

where P is the Poynting vector in watts per square meter,'!
and Hare as defined previously and the operation is the
cross product.

However,

10

(3-4)

or

(3-5)

so

(3-6)

(3-7)
If we accept constant values of Af and E as given for the
medium then

(3-8)
Equation 3-8 shows that the power density at any point in a
homogeneous medium is related to the square of the magnitude
of the electric field intensity by a constant.

If relative

values are of interest the constant may be neglected and�
is simply proportional to
the field pattern of

/'l./ 2.

Thus, if the equation for

/E/ is obtained, the equation for the

field pattern of P may be obtained as follows

(3-9)
The directivity and gain of the antenna are also of
major interest in most applications.

The directivity is

11
given by

u ... D -- Uo
-

maximum radiation intensity
average radiation intensity

-

(3-10)

where U is defined as the radiation intensity in watts per
unit solid angle.

The total power radiated, W,is related

to U as shown.

I

W -=

W =

where

j
0

2ff

1T

J. U. ( e, ♦) .,,. e de cl,\,

an 1r

f
•

U(e,�)

d.n. = Sit-> 8 de d ♦ :

d.o..

(3-11)

(3-12)

element of solid angle.

(3-13)

Thus, the total power radiated is given by the integral of
U(¢,Q) over a solid angle of 4rr.
intensity U

0

The average radiation

is given by the following relationship
(3-l.4)

Therefore

u

0

=

J.

2rr r

•f U. (e,tl>) s,A,edeJ,

(3-15)

From equations 3-10 and 3-15

D

-- 1·"/" 1/:TT l(,..
U{e,.) SINSJeJ;
i

"

Normalizing for relative field strength measurements,

(J-16)

12

-- a"/ 9-,r
• •J -l{e,4,) S1A1�J•d♦
the relative radiation

:z:,

(J-17)

./

where f(¢,Q} is
tion of¢ and Q.

intensity as a func-

Since the radiation intensity is

proportional to the square of the field intensity,

1J

-

1/71'

- r

2"'/" a
� " F {e. ti>) IIMBdQ J,>

(J-18)

where F(¢,Q} is the relative total field intensity as a
function of¢ and Q.

Equation (3-18) gives the directivity

of an antenna compared to an isotropic source.
The directivity of an antenna may be found with respect
to any other source and the expression for such is simply

D

-

or

D

u ,,,.�

(J-19)

IE I z"""

(3-20)

u

fll"lC OF" "'REF.

J�f !,uc or:

'R■tt.

The gain of an antenna is the product of the directiv
ity and the efficiency compared to the reference.

G

=

oc D

Thus,
(3-21)

where G is the dimensionless gain and o< is the ratio of
antenna efficiencies.

B.

DISTANCE REQUIREMENTS
If the separation between transmitting and receiving

antennas is not large enough the incident wave arrives at

13
the receiving antenna with a large variation of phase along
the antenna.

Figure 2 illustrates such a condition.

Assume

that the transmitting antenna is a point source located at
A, the receiving antenna has a maximum dimension of C meters
The

and the distance between antenna centers is R meters.
phase of the field arriving at the end of the receiving
antenna lags the field at the center of antenna by
radians.

<2;)&

For a given value of C, & may be decreased by

increasing R.

Cutler, King and Kock 4 recommend values or&

less than J\/16.
In order to satisfy such a requirement it is found that
the condition for R is

R >,.. 2C. 2

(3-22)

In addition to the requirements for constant phase
wavefronts along the receiving antenna it is necessary that
the wavefront be of essentially constant amplitude.

Such a

condition can be violated if reflected wavefronts of any
appreciable magnitude, enough to cause a one-fourth db vari
ation in magnitude along the receiving antenna arrive at the
receiving antenna.3 Thus, it is necessary to minimize re
flections by mounting the antennas on towers above ground
planes and avoiding operation in regions where large re
flecting surfaces exist.

If reflections cannot be avoided

it is best to make use of them to some extent in order to
increase received power.

The reflection from any ground

plane between the antennas is of primary importance since

A

FIGURE 2.

PHASE SHIFT ALONG SURFACE OF ANTENNA
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any other reflected signal must take a longer path and is
attenuated more.

The spacing between antennas or height

above the ground plane should be variable in order to
achieve in-phase conditions between the direct wave and
predominant reflected wave, providing maximum field strength
at the receiving antenna.

Absorbent materials should be

placed in the path of the reflected waves for minimum net
reflection.

In some cases where a reflected wave travels a

much greater distance than other waves absorbent material is
not necessary since the attenuation is so great that the re
flected signal arriving at the receiving antenna is below
the minimum detectable signal.

C.

POWER REQUIREMENTS
Any receiver has a minimum signal level below which the

receiver will not respond.

It is therefore imperative that

the power supplied to the transmitting antenna be sufficient
to insure a signal at the receiver which will bring about a
response on the part of the receiver.

The following devel

opment will establish a general relationship in order to
satisfy the above conditions.
Figure J presents a block diagram of an antenna range
for purposes of power level calculations.
transmitter has a power output of W

g

Assume that the

milliwatts.

The

generated signal must travel through a coaxial cable or
waveguide before reaching the transmitting antenna with
power loss taking place.

There may be a mismatch between

L

RADIATION LOSS

t

..

5____

LOSS OF N DB

L

TRANSMITTER

FIGURE J.

RECEIVER

POWER LEVELS AND LOSSES ON ANTENNA RANGE

°'

1---'
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transmission line and transmitting antenna, causing the
rejection of a portion of the power arriving at the trans
mitting antenna.

These two power loss functions are lumped

together and given the value N db.

Thus the transmitted

power is given in decibel form by

(3-23)
where L is the transmitted power level in decibels compared
t
to one milliwatt, L is the generated power level and N is
g
the power loss due to attenuation and mismatch, all in dbm.
The transmitted power is alsb denoted by W

t

watts.

At a distance R meters from the transmitting antenna

the average power density is given by

(3-24)
The power delivered to the receiving antenna is

(3-25)
where A

is the effective aperture of the receiving antenna
er
in square meters. Thus

(3-26)
If the source is not isotropic the power received is given
by

(3-27)

18

Again, there is some loss between receiving antenna and
detection equipment but this may be assumed to have been
accounted for in N.
at the detector L

d

Converting to decibel form, the power
may be expressed by
(3-28)

or

(3-29)

20 \.o~ ~
IO

Equation 3-29 gives the power level at the receiver for a
directivity D . Assuming that D t is the maximum value of
t
directivity it will be necessary to detect signals 20 dbm
given above for purposes of making
d
accurate determination of nulls in the antenna pattern.
below the value of L

Thus the final expression for L

d

is
2.o

lo~

~

-

(3-30)

Z.o

IO

Using equation 3-30 the necessary value of L may be deter
g
mined in order to insure a more complete antenna pattern.

D.

DETECTION OF SIGNALS
The detection of signal power arriving at the receiving

antenna is necessary in order to make plots of the antenna
field patterns.

The detection system must be capable of

identifying signal power as opposed to spurious power and
amplifying the former while rejecting the latter.

The

sensitivity of the system must be such that the minimum

19
signal level of importance can be identified and the system
must be linear over the decibel range required for accurate
pattern measurements.

The basic operation of such a system

is described in the following discussion.
The electric field incident upon the receiving antenna
induces current in the antenna in direct proportion to the
field strength.

This causes a voltage to be set up across

the antenna terminals.

If the terminal voltage is applied

to a crystal rectifier the current through the diode will be
half wave rectified and there will be a direct current com
ponent proportional to the square of the maximum electric
6
Thus, the current level is proportional
field intensity.
to the power received.

If linear amplification is used after

the rectifier stage the system output will be proportional
to the input power.

However, since antenna patterns are

usually plotted on the basis of relative field strength a
square root operation must be performed in order to achieve
a system that responds linearly with respect to field
strength.
The superheterodyne system outlined in Figure 4 avoids
the necessity of additional square root circuitry.

The

voltage from the receiving antenna is impressed across a
crystal rectifier and mixed with the signal from a tunable
local oscillator.

The local oscillator frequency may be

varied in accordance with the signal frequency in order to
provide an input to the I-f amplifier of constant frequency
with a magnitude dependent upon field strength.

The output

ANTENNA

CRYSTAL
DETECTOR
UHF

--

I-F
AMPLIFIER

-

SECOND
DETECTOR

-

DC TO
INDICATOR

LOCAL
)SCILLATOF

FIGURE 4.

BLOCK DIAGRAM OF SUPERHETERODYNE RECEIVER

N
0
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of the I-f amplifier may then be envelope detected and
passed into an indicating device.

Terman

8

predicts an out-

put which is a linear function of field strength from such a
system if the voltage set up by the signal is much smaller
than the local oscillator voltage.
The sensitivity of such a system depends on the direct
current through the crystal as a function of signal power
incident upon the crystal.

Ginzton cites crystals which

have sensitivities in the neighborhood of three microamps
per microwatt at a frequency of 500 megacycles.
E.

RECORDING FIELD PATTERNS
After the signal has been detected and amplified the

output of the receiving stage will normally be a de voltage
level proportional to the electric field strength.

It then

becomes necessary to plot the output voltage as a function
of space coordinates with respect to the test antenna.

The

procedure normally followed is outlined herein.
Two antennas are mounted on towers as shown in Figure 5
in a manner which satisfies requirements for constant phase
and constant amplitude illumination as outlined in previous
discussion.

The antenna mounted on the fixed tower is

normally used as the transmitting antenna and the test
antenna mounted on the turntable is the receiving antenna.
Therefore, the antenna pattern measured will actually be the
receiving pattern of the test antenna but since the system
is linear and bilateral the transmitting pattern is the same.

----------

MOTOR FOR

6 VARIATION

TURNTABLE
FOR¢

VARIATION

FIGURE 5.

FIXED TRANSMITTING AND MOVABLE RECEIVING ANTENNAS

l\.)
l\.)
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The test antenna is mounted in a manner which places
the center of the antenna over the center of the turntable.
Therefore, as the turntable rotates a field pattern may be
plotted as a function of¢ for a constant radial separation
between antennas.

The antenna may also be rotated about its'

own axis thus providing a means of varying Q.

Using varying

combinations of Q and¢ a three dimensional field pattern
may be obtained from a series of field patterns taken while

holding one angle constant and varying the other angle.

From the above discussion it is apparant that some

means must be employed to monitor the test antenna position
at all times.

The best method is to use synchro generators

and motors for position indication.
The synchro generator has a fixed position three-phase
winding and a single phase rotor winding which is free to
turn.

The rotor winding is excited by a constant voltage

and the flux set up within the generator links the three
coils of the stator in a manner which varies as the rotor is
turned.

Since the flux linking each stator coil causes an

emf to be produced across the coil varying emf's are devel
oped across the stator coils in accordance with the position
of the rotor.

If the terminals of the stator are connected

to the three corresponding terminals of a synchro motor
identical emf's appear on the stator coils of the motor.

If

the rotor of the motor is excited and allowed to turn freely
the flux of the motor rotor interacts with the flux of the

motor stator in a manner whereby the rotor seeks the position
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of least energy.

If the rotors of the generator and motor

are excited by the same source and their voltages are in
phase the position of the motor and generator rotors will
correspond with respect to the stator windings in this con
dition.

Thus, if the generator rotor is mechanically

coupled to the turntable and forced to turn with the table,
the motor rotor turns in accordance at some remote point and
gives a continuous indication of turntable displacement.
The same type system is used to determine the angle of ro
tation of the test antenna about its

axis.

Such a procedure

is used to turn a plotting table in accordance with the
varying angle.
The problem of plotting magnitude versus angle is solved
by driving a pen radially across the plotting table in ac
cordance with the level of the output of the receiver.

Many

systems are capable of such action and the specific system
used will be described in the following chapter.
F.

FEDERAL COMMUNICATIONS COMMISSION REQUIREMENTS
10
The F.C.C.
has control over all systems radiating into

the atmosphere in the United States and therefore the rules
and regulations of said commission must be observed.

The

author attempted to satisfy all necessary requirements, the
procedure to be outlined in the next chapter.

CHAPTER IV
DESIGN OF MISSOURI SCHOOL OF MINES ANTENNA RANGE
A.

GENERAL DESCRIPTION
• consists of a transmitting
The M.S.M. antenna range

antenna on a fixed tower and a test antenna pylon mounted on
a turntable.

Both antennas are placed on the roof of the

Electrical Engineering building and connected electrically
to a control console located in a laboratory room on the top
floor of the same building.

The transmitting, receiving and

plotting equipment is located at the console as are the con
trols for the turntable motors.
B.

DISTANCE REQUIREMENTS
The conditions for constant phase fields over the test

antenna were met in accordance with the results of equation
3-22.

The separation between antenna towers is approxi

mately 18 meters.

Such a spacing allows test antennas with

a maximum dimension of approximately 5.2 meters at a fre
quency of 100 megacycles and 0.5 meters at 10,000 mega
cycles.

Both dimensions exceed )\/2 at the respective

frequencies, allowing the use of practical antennas.
In order to maintain maximum field strength at the test
antenna the altitude of the transmitting antenna is made
variable between limits of six and twenty feet above the
roof of the building.

The test antenna is maintained at a

fixed altitude of approximately fifteen feet.

Thus, for

maximum field strength, the altitude of the transmitting
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antenna is varied until the reflected and direct signals
are in phase.

Barriers of absorbent material such as

Ecosorb are then placed in the path of the reflected wave to
diminish reception of such energy as much as possible.

If

the roof of the building was a smooth, homogeneous conductor
the author would have developed an expression for setting
the transmitting antenna altitude as a function of fre
quency.

However, the roof is irregular and not homogeneous,

necessitating trial and error settings for each test situ
ation.
C.

POWER REQUIREMENTS
The receiver employed on the antenna range is a mili

tary surplus model AN/APR-4 with plug in tuning sections
providing an overall frequency range from 22 megacycles to
2200 megacycles.

The sensitivities of the tuning sections

and amplifier are such that no signal level greater than 50
microvolts to the input terminals of the tuner is ever re
quired for identifying signals 20 dbm below that required
for maximum recorder pen reflection on the highest gain
setting.

Using a value of fifty ohms for the input imped

ance of the tuner the necessary transmitter power was
calculated from Equation 3-30.

The minimum acceptable level

of L is -73 dbm. The value of N was assumed to be 15,
d
somewhat larger than expected under well controlled condi
tions.

Since cable attenuation is approximately 5 dbm at

500 megacycles over the length used the remaining 10 dbm
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loss could be the result of impedance mismatches.

Most

serious mismatches may be tuned out with stub tuners how
ever.

Therefore, the value chosen for N imposes a greater

burden on the system than ever expected in operation.

Next

the effective aperture of the receiving antenna and direc
tivity of the transmitting antenna are considered.

The

transmitting antenna is to be a dipole with a directivity of
approximately 1.5 and the receiving antenna chosen for use

in establishing power level is a short dipole, again impos
ing a burden on the system which will not be realized in
actual operation.

The effective aperture of a short dipole

has been shown by Kraus3 to be 0.119)\ 2 square meters.

Choosing as the frequency of interest, five hundred mega
equal to 0.043 square
er
The value of R is 18 meters. Thus,

cycles, results in a value of A
meters.

Zo lo�� - 20
10

or

-73

Therefore

or

(4-1)

(4-2)

-73 =

L,- 15 -22.~

- 2s., -

zo

(4-3)

(4-4)
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Equation 4-4 indicates that the transmitter must pro
vide approximately ten milliwatts of power to the system,
somewhat more than the amount available from the oscillator
used in experimentation.

However, the losses assigned to

the system are in excess of those expected in actual
practice.

Therefore, the oscillator used in the experimen

tation, capable of providing a power level of +4 dbm is
expected to be marginally acceptable under normal operating
conditions.

D.

DESCRIPTION OF EQUIPMENT
As mentioned earlier, the transmitting antenna is

mounted on a tower projecting 20 feet above the roof of the
Electrical Engineering building.
wood,

The tower is of sturdy

provided with a mechanism for raising and lowering the

antenna.

The transmitting antenna is a A/2 dipole with a

reflector.
The receiving
or test antenna is mounted on a tower
•
above a turntable.

The turntable is military surplus equip

ment capable of rotating at speeds variable between one and
700 mils per second.

The test antenna is positioned

directly above the center of the turntable, providing a con
stant radial distance between antennas as the turntable
rotated.

As of this writing a permanent tower with pro

visions for rotating the test antenna has not yet been
constructed but future workers will be able to accomplish
such with no change in range design.
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The console, located in the UHF lab of the Electrical
Engineering building contains the transmitter, receiver,
plotter and controls.

The transmitter used in experimen

tation is a Hewlett Packard UHF Signal Generator, Model 612
capable of an output of 4 dbm to a 50 ohm load.

The fre

quency used in experimentation is 500 megacycles.

The

AN/APR-4 receiver is used in the maximum gain condition
during experimentation although the gain may be reduced 72
db in voltage by changing
the gain setting on the receiver.
•
The receiver is a superheterodyne with two detectors and an
intermediate frequency of 30 megacycles.

The first detector

is a crystal rectifier at the UHF input and the second
detector is a thennionic diode.

The voltage between the

cathode of the second detector and ground is a de voltage
which varies approximately linearly with respect to the in
put voltage at the first detector.
The de voltage is then placed across a circuit which has
provisions for balancing out thermal and shot noise voltage,
providing a final output voltage which varies from zero in
accordance with signal voltage.

This output voltage is

placed on the input of a continuous balance feedback control
system.

The input signal is fed into the servo system in

series opposition to the de potential across a potentiometer.
The difference between the two voltages causes a potential
across the contacts of a mechanical chopper, thereby pro
ducing an ac voltage on the output of the chopper.

The

amplified ac voltage is then applied to one phase of a two
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phase motor, causing the motor to move in a direction which
varies the potential across the potentiometer such that the
voltage across the chopper contacts is reduced to zero.

A

mechanical coupling is provided so that an ink pen moves
radially across the plotting table in conjunction with such
action.

Therefore, the pen is deflected in accordance with

relative voltage level at the input of the receiver.
The polar motion of the plotting table is obtained by
electrically connecting the rotor of a synchro motor to the
rotor of a synchro generator mounted on the turntable.
Since the generator is providing power for both the synchro
motor and a control transformer a capacitor is placed across
the stator of the motor in order to increase the power

•

factor and thus the torque, reducing the error between
actual angular displacement and indicated displacement at
the plotting table.
Switching is provided for controlling the direction of
rotation of turntable and antenna, and for selecting the
synchro which will drive the plotting table.

A potentiome

ter circuit is installed for balancing out receiver noise
and for fine adjustment of system sensitivity over a rela
tive voltage range of 2:1.

See Appendix A for complete

circuit diagrams of the system.

Figure 6 is a block diagram

of the system.

E.

LICENSING OF THE ANTENNA RANGE
Application for a license for the antenna range has not
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yet been filed but the necessary data have been acquired.

A

tentative plan for application has been conceived and will
be executed in the near future.

Paragraph 5.62 of the Rules

and Regulations of the Federal Communications Commission
allows multifrequency operation of a radio station in the
experimental class, research, under one license and one set
of call letters.

The application for licensing will use the

above classification
with the author's belief that no major
•
revision of range objectives will be necessary.

CHAPTER V
EXPERIMENTAL RESULTS
A.

GENERAL
The results discussed are those from data acquired in

the laboratory by the author.

The sensitiv ity and linearity

of the receiver and pen control circuitry were obtained for
the individual items and for the two operating as a unit.
An actual field pattern has been recorded and compared to the
theoretica� pattern.

Sources of error are discussed and

methods of error elimina�ion are suggested.
B.

RECEIVER SENSITIVITY AND LINEARITY
The sensitivity and linearity of the AN/APR-4 receiver

were determined at a frequency of 500 megacycles.

The signal

applied to the input of the detector was an unmodulated sine
wave, the magnitude of which could be read directly from the
dial of an attenuator on the signal source, the Hewlett
Packard Model 612 signal generator.

The output of the re

ceiver above noise was measured by a Hewlett Packard DC
Voltmeter, Model 425.

The noise level at the output of the

receiver had a magnitude of approximately 0.65 volts.

A

voltage was added in series opposition in order to cancel
the noise voltage at the input terminals of the voltmeter.
Figure 7 is a plot of receiver output voltage in de
volts versus signal generator output in rms volts for the
three highest
gain settings.
•
provided maximum gain.
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attenuation provided gains nominally one-half and one-fourth
as great as O db.

Examination of the curves shows that such

conditions did not exist but since all tests must be made at
a constant gain setting and relative plots are desired such
discrepancies were unimportant.
A signal strength of JO microvolts was required in order
to overcome the noise level of the amplifier
at all three
'·
gain settings.

Thus, 30 microvolts was the absolute minimum

signal which th8 receiver would identify and amplify.
The nonlinearity of the curves was important below re
ceiver output levels of 0.2 volts above noise.

The receiver

provided an output which was exponential with respect to in
put below the above stated level.

The nonlinearity decreased

with decreases in receiver gain, indicating that tests taken
at higher power levels would yield more accurate antenna
patterns.

However, the equipment available at the time of

experimentation allowed tests only at maximum gain and thus
maximum nonlinearity.

C.

PEN DRIVE SYSTEM SENSITIVITY AND LINEARITY
The continuous balance pen drive system was operated at

maximum gain at all times, using a 1.5 volt telephone battery
as the reference voltage on the balancing potentiometer.
However since less then one-half of the possible pen travel
was used the voltage necessary for full scale deflection was
approximately 0.7 volts de.

The balance system was linear

over the range of operation, responding to voltages greater
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than 0.01 volts with a pen travel of one inch per 0.12 volts
de applied to the system.

The sensitivity could be varied

by varying the potential across the balancing potentiometer
but since the resistance of the potentiometer was only
twenty ohms the current drain on dry cell batteries would be
excessive at voltages much greater than the value used.
D.

OPERATION OF RECEIVER AND PEN SYSTEM IN CASCADE
Figure 8 shows a typical response characteristic of

the receiver and pen drive in cascade operation.

The graph

shows the pen deflection of the recorder in inches versus
signal level at the first detector of the receiver in rms
volts for maximum gain, -6 db gain and -12 db gain settings
on the receiver.

The response of the system coincided with

individual responses of receiver and pen drive.

The non

linearity mentioned in previous discussion was still present
as expected, showing the need for additional circuitry in
order to linearize the system.
E.

SYNCHRO SYSTEM PERFOPJ-1ANCE
The bearing indicator mounted on the console control

panel followed the synchro generator faithfully with negli
gible error.

The plotting table had a constant angular

error of approximately five degrees.

Compensation for such

error was possible but an attempt should be made to minimize
the error by means of mechanical changes in the plotting
table structure.
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F.

ANTENNA PATTERN MEASUREMENT

In order to evaluate the operation of the entire system
an antenna pattern was recorded and compared to theoretical
predictions.

The transmitting and receiving antennas were

dipoles designed to be one-half wavelength long at a fre
quency of 500 megacycles.
horizontally.

Both antennas were mounted

A large copper sheet was placed approximately

one-fourth wavelength behind the transmitting antenna in
order to provide an in phase reflection and increase the
signal level at the receiving antenna.

The receiving

antenna was rotated and an antenna pattern was generated on
polar coordinate paper.
Curve A of Figure 9 is an exact reproduction of the
antenna pattern obtained while curves B and C are plots of
theoretical field strength and power patterns respectively
for a half wavelength dipole.

The irregularities in the

contour of the experimental pattern are attributed to the
nonuniform angular velocity of the plotting table.
friction between surfaces contributed to such error.

Bearing
The

two lobes of the experimental pattern are not 180 degrees
apart due to the fact that the receiving antenna was not
exactly straight.

The two quarter wavelength elements which

made up the half wavelength dipole appare ntly subtended an
angle of less than 180 degrees.
Examination of Figure 9 shows that the experimental
pattern is neither a theoretical field pattern nor power
pattern.

However, the pattern is closer to a field pattern,
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FIGURE 9.

ANTENNA PATTERNS
OF A/2 DIPOLE
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with two major reasons for deviation.

The theoretical field

pattern of curve B assumes perfect half wave dipoles with
exactly sinusoidal current distributions on the antennas.
The current distributions over the test antennas were not
perfectly sinusoidal since the antennas were fed from a
coaxial cable which provided unbalanced currents.

An at

tempt was made to balance the currents by making use of
devices known as baluns but the author is certain that per
fection was not achieved.

The nonlinearity of the receiver

response also contributed to deviation from a theoretically
perfect half wave dipole field pattern, the major contribu
tion occurring at pen deflections of less than thirty graph
units.

Scale D of Figure 9 verifies the preceding statement

by providing values of transmitter power necessary for par
ticular pen deflections under conditions of maximum coupling
between antennas.
The data of Scale D have been reduced and expanded in
Table 1 for evaluation of receiver linearity.

Experimental

results indicated that a loss of 47.6 dbm existed between

transmitter and receiver under conditions of maximum cou
\'65 equal to
d
The value of voltage appearing at the

pling between antennas.
Lg minus 47.6 dbm.

Thus, the value of L

input terminals of the transmitter was obtained by going
through the decibel conversion for a 50 ohm input impedance.
It can be seen that for pen deflections greater than JO
graph units the r.eceiver operated in a linear manner and pro
vided an almost exact plot of the relative input voltage
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TRANSMITTER
OUTPUT
( DBI\'I)

RECEIVER
INPUT
(DBM)

RECEIVER
INPUT
(MICROVOLTS)

97

-5.0

-52.6

525

80

-6.25

-53.85

453

60

-8.0

-55.6

40

-10.1

-57.7

20

-13.5

-61.1

0

-26.4

PEN

DEFLECTION
(GRAPH UNITS)
90

70

50
30

10

TABLE 1.

-5.5

-7.1

-9.0

- 11.4
-16.5

-53.1

496

-54.7

403

-56.6

331

371

292

-59.0

251

-64.1

139

-74.0

197
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POWER AND VOLTAGE LEVELS FOR ANTENNA PATTERN
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levels.

Nonlinear response occurred at input voltages below

200 m icro volts, corresponding to previous data.

It may be

noted that a dynamic range of 20 db was achieved.
On the basis of the data discussed above the author
believes that the pattern recorded closely approximates the
actual receiving pattern of the antenna under test.

He feels

that deviations from theoretical results are primarily due
to the fact that the antenna was not a theoretical antenna
operating under ideal conditions.
Equation 4-3 predicted a system power loss of 63 dbm
between transmitter and receiver but the experimental value
was 47.6 dbm.

Thus, the actual loss was approximately 17 db

less than predicted loss.

Repeating Equation 4-1,

(5-1)
N was given a value of 15, but the actual value was probably
closer to 5.

Also, A

and D were chosen for the worst
er
t
conditions possible. For .>\ /2 dipoles A
is actually 0.047
er
square meters, not 0.043. The value of Dt was probably closer
to 3 than 1.5 due to the copper sheet placed J\/4 meters away.
Thus, the experimental values were probably close to the

following values;

L' -

S"

-

I,. 5 3 - 2 5. \ - 2o + 7 3 : o

(5-2)
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or

(5-3)

The value of L in Equation 5-3 corresponds closely to the
g
actual value of L , -5.0 dbm necessary in the experiment.
g

CHAPTER VI

CONCLUSIONS
The antenna range as constructed is useful as an in
structional aid and has restricted value in research.
Approximate antenna patterns may be obtained but the pat
terns are in error by a percentage which increases with
decrease in signal strength due to the nonlinearity of the
receiver response.

A circuit with a transfer function which

will linearize overall system response is discussed in
Appendix B with the hope that eventually such a system may
be incorporated in the range.

However, students using the

range may become familiar with methods of plotting antenna
patterns and making approximate evaluations of gain and
directivity without any further range improvement.
The power level of the Hewlett Packard, Model 612 is
too low to provide anything but marginal operation due to
the nonlinearity discussed above and due to the inability of
the receiver to respond to any signal below 30 microvolts at
the input.

Therefore sources with greater power capability

should be used for best results.
The error in the synchro system has been reduced to the
minimum possible without changes in construction of the
plotting table.

It is suggested that future workers replace

the brass sleeve and thrust bearing at the top of the column
supporting the plotting table with a ball type thrust
bearing.

Also, the substitution of ball bearings for the
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roller bearings in the lower part of the column assembly
would probably reduce the error even further although this
is of minor importance compared to the first source of
friction.
Use of a greater magnitude of voltage across the bal
ancing potentiometer in the pen drive system would decrease
the effects of nonlinearities by increasing the maximum
allowable signal.

.

..
However, sensitivity would be decreased

since a larger input voltage would be required to drive the
pen to full scale deflection.

Such an adverse effect would

be of little importance with transmitters capable of greater
power output.

The main disadvantage would arise from the

current drain on a larger voltage source placed across the
potentiometer.

It is suggested that the balancing pot in

the system be replaced with one of larger resistance if
larger voltages are to be used.
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APPENDIX A

CIRCUIT DIAGRAMS FOR MISSOURI SCHOOL OF MINES
ANTENNA RANGE
In order to provide future workers with a record of the
system circuitry the following schematic
diagrams are
"
included in this thesis.

The switches which control sixty

cycle power distribution are shown in Figure 10.

The

circuitry of the chopper amplifier, pen drive motor, noise
suppression and fine sensitivity adjustment appear in

Figure 11.

Figure 12 outlines the connections between

console and turntable and Figure 13 provides the schematic
of the synchros located in the console.

A detailed diagram

of the pen deflection and balancing circuit is shown in
Figure 14.
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APPENDIX B

ANALYSIS OF SQUARE ROOT CIRCUIT SUITABLE
FOR USE ON M.S.M. ANTENNA RANGE
The nonlinearity of the AN/APR-4 receiver at low signal
levels necessitates the introduction of a compensating
circuit if accurate antenna patterns are to be expected in
the region mentioned above.

From examination of the response

characteristic it is apparent that the nonlinearity exists
at output receiver levels below 0.2 volts de.

Considering

only the O db gain setting on the receiver this output cor
responds to a receiver input of approximately 175 microvolts
rms.

The nonlinearity will be assumed to be primarily due

to the exponent due to the nature of the crystal in the
first detector at low power levels.

The compensating cir

cuit will therefore be a square root network.
The following work is an analysis of a square root
circuit used at Boeing Airplane Company11 on an antenna
range.

A generalized compensating network is shown in

R

v0

to VIN is a function of RA, RB,
and the variable resistance of the diode matrix which

Figure 15.

The ratio of

C
shall be called R . The ratio of V to VA is a fixed
D
0
function of R and R . Figure 16 shows a simplified version
C
8
of the circuit of Figure 15.
The use of circuit analysis provides the following
results:
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and

The resistance, R , changes as the voltage, V ,
D
A
increases. If ideal diodes are assumed the variation of R

will be a piecewise linear function of V

As V

A

and thus V

IN

•

D

increases the reverse biased diodes will become for

A
ward biased in succession, with the result that V will
0
vary in proportion to the square root of V •
IN
The values of all resistances, bias voltages and diode

types used in the Boeing circuit are given in Table 2.
values of V

IN

, V and V
A

0

The

corresponding to the circuit com-

ponents are shown in Table 3.

Figure 17 is a plot of a

normalized V as a function of V • If the variation of
0
IN
forward resistance of the diodes is taken into account the
plot will approach a smooth curve, thus providing an even
better approximation of a square root function.
The values given in Table 2 are of importance in
analyzing circuit performance.

First, the range of V

is
IN
much greater than desired in the system used for this project.

desired is 0.2 volts. If the magIN
nitude of E is decreased by a factor of 200 the range of
The largest value of V

V

C

However, it is
IN
felt that attempts at reverse biasing the diodes by such
would be decreased by the same factor.
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R = 15 K
A

R = 1 MEG
B

R = 7.5 K
C

R = 6.2 K
1

R = 5.1 K
2

R - 5.1 K
3

R = 3

K

4

R = 3 K
5

R = 1.8 K
6

R = 33
7
R = 39
8

R = 39
9

R

= 56

10

R

= 82

R

= 82

11
12

E

C

= 1.5 VOLTS

ALL DIODES = HUGHES 1Nl28 OR EQUIVALENT
TABLE 2.

VALUES OF CIRCUIT ELEMENTS IN BOEING CIRCUIT
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V
IN

V
A

-

V V
IN/ 0

V

0

0

0

0

0.343

0.1

7.3

2.135

0.325

24.7

X

10

4.7

0.503

37.2

X

10

10.9

0.758

56.2

X

10

21.8

1.13

82.4

X

10

41.5

1.5

110

TABLE 3.

0
10

X

X

10

-4
-4
-4
-4
-4

-4

-4

5.85/73

X

10

4.32/73

X

10

4.27/73

X

10

4.3/73

X

10

4.1/73

X

10

4.25/73

X

-4
-4

-4
-4

10

-4
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100
-t

0

80

rl

X

6o

Cl)

E--1

i-➔

0

>

.

>

40
0

20

10

20

30

40

V , VOLTS
IN

FIGURE 17.

RELATIONSHIP BETWEEN V AND V
0

IN

FOR COMPENSATING CIRCUIT
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small values as would be involved in such a case would prove
frustrating due to variations between diodes and component
tolerances.

Therefore it is suggested that additional

stages of amplification be added between the receiver and
square root circuit.

If such action is taken it would be

better to modulate the UHF signal at 1000 cycles and make
use of a Hewlett Packard Model 415 Standing Wave Indicator.
Such an instrument is actually nothing more than a selective
high gain amplifier which provides a de voltage at the output
of the last stage.

Thus, the proper voltage levels could be

obtained at the input of the square root circuit.

If such

an arrangement is used a filter must be inserted between V

IN

and ground in order to shunt the ripple at the output of the
Standing Wave Indicator.
A second problem which must be overcome is the small
value of V. If R is changed to one megohm V will be
0
C
0
increased by a factor of approximately 70, providing
voltages at the output which are in the range necessary for
appreciable pen deflection at the plotting table.
the rate of change of V /V

0

IN

However,

with respect to the rate of

change of R is not linear and therefore a completely new
C
set of resistance values in the diode circuits would be
necessary.

The other alternative would be the use of a very

small voltage, approximately two millivolts across the
balancing pot of the pen circuit.

For the value of resist-

ance in the potentiometer, 20 ohms, and a 1.4 mercury
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battery, a value of series resistance equal to 14,000 ohms
would be necessary.
Considering the previous discussion, it is suggested
that the Boeing circuit be used in conjunction with a
Hewlett Packard 415 instrument and that the voltage across
the balancing potentiometer be decreased.

Such action will

provide linear system operation at low power levels,
receiver input powers below -62 dbm.

The square root

circuit will not work above such power levels.

However the

receiver is linear above an input of -62 dbm and the square
root circuit may be bypassed at the same time the potential
across the balancing potentiometer is increased to 1.4
volts.

It is imperative that any particular test remain

either below the -62 dbm level or have a maximum at least
20 dbm above the stated level of power input if accurate
results are to be obtained.
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